Evidence is presented that poliovirus particles with a single lethal hit by hydroxylamine do not induce in host cells either inhibition of cellular protein synthesis or viral ribonucleic acid (RNA) replication. The RNA of these viruses is not replicated even if the cells are simultaneously infected with both active and inactivated viruses. The damaged viral RNA seems to have lost both its template function and its function in the translation of normal viral proteins.
Evidence is presented that poliovirus particles with a single lethal hit by hydroxylamine do not induce in host cells either inhibition of cellular protein synthesis or viral ribonucleic acid (RNA) replication. The RNA of these viruses is not replicated even if the cells are simultaneously infected with both active and inactivated viruses. The damaged viral RNA seems to have lost both its template function and its function in the translation of normal viral proteins.
The replication of poliovirus is likely to depend upon the expression of all of the genetic information present in the viral ribonucleic acid (RNA). In infected cells, one can, however, observe several events that take place before virus maturation. One of them is the inhibition of cellular protein synthesis (shut-off phenomenon; references 1, 12, 17, 22, 30) , and another is the replication of viral RNA. Both of these processes may be regarded as the result of viral gene expression, e.g., the function of newly synthesized virus-specific proteins. If the corresponding genes could be expressed independently of others, they might be able to do so even if some different parts of the viral genome were rendered nonfunctional.
We have investigated the question of whether the two early functions of poliovirus, the shut-off phenomenon and the replication of viral RNA, can be induced by viruses that are inactivated by treatment with hydroxylamine.
MATERIALS AND METHODS Cells and virus. HeLa S3 cells were obtained from Flow Laboratories, Scotland. Cells were grown in Roux flasks; for 24 hr before use, they were suspended in Spinner medium. Poliovirus type I (Mahoney) was purified by high-speed centrifugation from lysates of infected cells, concentrated 150-fold, and stored at -70 C until use. The infectivity of each preparation was determined by plaque assay (6) . In each case, 10 to 15 plates of an appropriate dilution were counted to assure sufficient accuracy.
Inactivation by hydroxylamine. Virus preparations were treated at 30 C with 0.1 M or 0.2 M hydroxylamine-hydrochloride at pH 6.8. Inactivation was stopped by a 10-fold dilution into ice-cold phosphate-buffered saline (PBS), immediately followed by dialysis against PBS at 4 C.
Determination of host-cell protein synthesis. Samples (ca. 106 cells) were taken from infected suspension cultures at various times and incubated for 15 min with 0.7 uCi of 14C-protein hydrolysate (54 mCi/m-atom of C; Radiochemical Centre, Amersham, England). The pulse was terminated by addition of frozen PBS and immediate sedimentation of the cells in the cold. The sediment was washed three times in PBS and then precipitated by 5% trichloroacetic acid. The precipitates were collected on membrane filters (0.45 AM), washed three times with 5% trichloroacetic acid and once with 0.1 N HCl, and dried.
Determination of viral RNA synthesis. Cells infected in suspension and treated with 5 ug of actinomycin D per ml were incubated for 3 hr at 37 C. This was followed by a 30-min pulse with 14C-uridine (5 juCi, specific activity, 500 .uCi/mmole; Radiochemical Centre, Amersham, England). The pulse was terminated as described above. Cytoplasmic extracts were prepared as described by Penman et al. (18) , treated with 1% sodium dodecyl sulfate (SDS), and analyzed by zonal centrifugation (30) To correct the amount of viral 35S RNA for possible variations in the total yield, the "relative amount" of 35S viral RNA is given, that is the ratio of counts per minute (35S) to OD (28S).
Determination of infectious RNA. The cytoplasmic extracts (see above) were extracted by phenol as described by Wecker et al. (27) . The RNA in the aqueous phases was coprecipitated by the addition of 0.2 M phosphate buffer (pH 7.2) and 2 volumes of ethanol at -20 C. After centrifugation (10 mi, 1,500 X g), the precipitates were washed twice as on January 15, 2018 by guest http://jvi.asm.org/ BORGERT ET AL. described (27) and dissolved in 0.001 M ethylenediaminetetraacetic acid (EDTA; pH 7.2). The solutions were then incubated for 10 min at 37 C and assayed for infectious RNA as described (27) . Samples were analyzed by zonal centrifugation, and the OD at 260 nm and the radioactivity of the fractions were determined as described above.
Measurement of radioactivity. Acid-precipitable material was collected on membrane filters (Sartorius, Gottingen). The filters were dried and counted in a Packard liquid scintillation spectrometer after the addition of toluene-2, 5-diphenyloxazole-1 4-bis-2-(5-phenyloxazolyl)benzene scintillation fluid.
RESULTS
Virus-induced inhibition of cellular protein synthesis requires de novo synthesis of virusspecific proteins. First it was shown that de novo protein synthesis is essential for the shut-off phenomenon to occur ( Fig. 1 ). Cycloheximide present during the first 2 hr after infection completely prevented its development. When the inhibitor was removed 2 hr postinfection, it took, as usual, 3 hr before the protein synthesis in the poliovirus-infected cells became maximally reduced. Indeed, the shut-off phenomenon evolved exactly as if the cells had only been infected at the time of reversal of the inhibition by cycloheximide.
This result substantiates the finding that appropriate concentrations of p-fluorophenylalanine and puromycin, if added early in the infectious cycle, prevent the shut-off phenomenon caused by picornaviruses (3, 7, 19, 26 . shown in Fig. 3. f.
It is apparent that the partially inactivated°v irus population with a residual MOI of 2.6 waseven less effective in reducing host cell protein°I2 synthesis than was the corresponding control adjusted to the same MOI. This is due to a com-. petition between inactivated and infectious when saturation is reached. The data in Table I represent the composition of three virus preparations partially inactivated by hydroxylamine and the corresponding controls. They also indicate the relative amounts of viral RNA obtained after infection with these virus preparations.
Without exception, the amount of viral RNA obtained after infection with partially inactivated virus preparations was less than that produced by the corresponding controls. Thus, viruses with one or more lethal hits do not seem to induce viral RNA replication. In fact, they exert an inhibitory effect upon the RNA replication of infectious viruses.
There remains the question of whether they simply cannot give rise to functional RNA polymerase or whether their RNA has lost its template function, or both. We therefore examined whether inactivated viral RNA is replicated within a cell that is simultaneously infected with infectious virus.
A "trans" function between certain poliovirus mutants with regard to the replication of their RNA (4, 28) has already been described. The results of such an experiment are shown in Table 2 . The amount of 35S viral RNA (counts per minute) and the infectivity contained in that material [plaque-forming units (PFU)] were determined, and the ratio of counts per minute to PFU, that is the specific infectivity, was calculated. The specific infectivity was taken as a measure of the type of viral RNA which was replicated, e.g., only infectious or infectious plus inactivated RNA.
The data in Table 2 reveal that the specific infectivities of both the control and the sample obtained with a partially inactivated virus preparation were identical within the limits of error. This strongly suggests that noninfectious viral RNA was excepted from replication even in the presence of functional RNA polymerase. DISCUSSION The experiments presented here and previous findings by others (12, 14, 19, 29) indicate that it is very likely that virus-specific protein is directly or indirectly involved in the shut-off of host cell protein synthesis by polioviruses. There is no doubt that a viral gene product, the polymerase, is essential for viral RNA replication (2, 10) . Of course, neither of these two virus-specific EARLY FUNCTIONS OF POLIOVIRUS5 In either case, a lethal hit anywhere in the RNA of poliovirus not only abolishes its template function but also seems to affect its messenger function, at least with respect to the production of active polymerase and, perhaps, a "shut-off protein." Indeed, the model of a polycistronic messenger function and the post-translational cleavage of a primary viral protein (13, 15) 
